Several alloys described as stainless steel which resist tarnish and corrosion in the mouth are being used for a variety of dental appliances and instruments. Probably the greatest application of stainless steel is for orthodontic arch wires and bands, while a more limited use is for temporary space maintainers and crown forms. Root-canal files and reamers designed for endodontic operations also are being fabricated from stainless steel. For each of these applications there are advantages to having an alloy which will respond to hardening heat treatments.
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Stainless steels generally can be classed as ferritic, martensitic, or austenitic. Although the properties and physical metallurgy of these stainless steels is quite well known, the use of precipitation-hardenable stainless steels has developed since 1946.'' 2 Since this time, austenitic, martensitic, and semiaustenitic stainless steels have been developed which are subject to precipitation hardening. Of these three types of precipitationhardenable stainless steels the semiaustenitic type is capable of producing the higheststrength materials.
The treatment of the semiaustenitic stainless steel consists of three separate parts:3'-(1) a solution treatment at 1,9500 F., (2) transformation of the austenite to martensite, and (3) The semiaustenitic precipitation-hardenable stainless steel offers the advantages of being highly ductile after the solution treatment and can be formed readily in this condition. The material can be hardened by the transformation of austenite to martensite with high strength and low elongation but it will still withstand moderate forming operations. Further increases in strength and decreases in elongation result from the controlled precipitation of a metallic compound after forming operations are completed.
The purpose of this study was to investigate the possibility of using the semiaustenitic precipitation-hardenable stainless steels as orthodontic arch wires and to compare these materials with the 18-8 austenitic 588 CRAIG, SLESNICK, A ND PEYTON The tensile properties of yield strength, tensile strength, and elastic modulus were determined on 2-inch lengths of wires on a testing machine# at a deformation rate of 0.02 inches/minute in conjunction with 1-inch snap-on type extensometer** at a magnification of the strain of 250 times. The tensile properties were calculated from the plot of the load versus the strain on the basis of the original diameter of wires. The yield strength at 0.1 per cent offset was calculated rather than the proportional limit, since it was a more reproducible value. In several instances the wires were prestressed at a value halfway between the yield strength and the ultimate strength for 10 minutes, after which the load was relieved and then the tensile properties were measured. The values reported represent average values of ten separate determinations on samples from different lengths of wire selected at random from the main source of material.
The qualities in bending were evaluated on a stiffness testertt which allowed the determination of the bending moment versus the angular deflection on a span of wire 1 inch in length.6 Again, the test samples were selected at random, and the curves shown represent averages of 3 individual determinations. Table 1 . Condition "C" refers to the material which has been solution-treated and then transformed from austenite to martensite by cold-working, and condition "CH-900" indicates that the material in condition "C" has been precipitation-hardened by aging in a furnace for 1 hour at 9000 F. followed by cooling in air. It strength. The difference between the two means of the yield strength and the two means of the ultimate strength are significant at the 99 per cent confidence level using the Student t-test. Higher temperatures than 9000 F. for short periods is of little assistance, since more rapid aging takes place but lower optimum properties are attained. Prestressing the wires above the yield strength did not alter the physical properties, and therefore normal-forming operations do not seem to affect the tensile properties of 17-7 PH. It should be mentioned that as the tensile properties increase during the precipitation hardening for 1 hour at 9000 F., the ductility decreases as shown by a decrease in the per cent elongation from 5 to 2 per cent.' The elastic modulus, as seen in Table 1 , remained unchanged during the precipitation-hardening procedures.
The tensile properties of the two 18-8 stainless steels and the cobalt-chromiumnickel alloy in four conditions of hardness are reported in Table 2 , together with the previous values of 17-7 PH stainless steel in condition "C." The values for the elastic moduli are not included, since no significant variations from 27-30 X 10-6 psi were observed. It can be seen that the yield strengths of the 18-8 stainless-steel wires, 0.022 inch in diameter, were significantly less than that of the 17-7 PH stainless steel in condition "9C," although the tensile-strength values were approximately the same.
The cobalt-chromium-nickel alloy is brought to optimum properties by a combination of cold-working and heat treatment, the latter being carried out at temperatures of 600-1,0000 F. for periods of 3-5 hours. Annealing is not recommended, since it removes the stress induced by cold-work, and the maximum properties are not regained by further heat treatments. Since these work-hardening and heat-treatment procedures are not practical in dental operations, this material is supplied in four different conditions noted as soft, ductile, semispring temper, and spring temper. The yield strength and the ultimate tensile strength of the four conditions increased from 130,000 and 204,000 psi for the soft to 175,000 and 309,000 psi for the spring-temper condition, and therefore the tensile properties of the spring-temper alloy were comparable to those of the stainless steels, except that the Figure 1 , where the bending moment in inch pounds is plotted against the angular deflection in degrees over a span of 1 inch. For purposes of comparison, the bending moment-angular deflection curves are shown in Figures 2 and 3 for 0.014-and 0.022-inch diameter wires of 18-8 stainless steel and the cobalt-chromium-nickel alloy. As would be expected from the tensile properties of 17-7 PH stainless steel in various conditions, the stiffness of the material did not change, but the bending moment required to produce a permanent bend in the wire increased with the precipitation-hardening treatment at 9000 F. Also, the precipitation-hardening treatment at the recommended time of 1 hour at 9000 F. produced a greater increase than the 15-minute treatment in the resistance heater.
The permanent set after various angular deflections of 17-7 PH and 18-8 stainlesssteel wires is shown in Figure 4 . For example, permanent set after 30-and 60-degree bends was 1 degree and 9 degrees for 17-7 PH stainless steel in condition "C," while it was 0 degree and 3 degrees, respectively, after heat treatment to condition "CH900." Comparable values of 0 degree and 5 degrees were obtained on 18-8 stainless steel.
Care should be exercised to avoid over- heating the 17-7 PH wires, as indicated by the poor resistance to permanent bending for the wire heated to approximately 1,300°F. for l5 minutes (see Fig. 1 ). This higher temperature has produced overaging, or reversion of the martensite to austenite, and thus the bending moment required to produce a permanent deflection was lowered drastically.
The bending moment-angular deflection curves of the cobalt-chromium-nickel alloy shown in Figures 2 and 3 are in the order of their ductility, with the spring-temper wire having the greatest resistance to permanent bending and the soft wire having the least resistance. The resistance of the 18-8 and 17-7 PH stainless steel in condition "C" to permanent bending was greater than any of the four conditions of the cobalt-chromiumnickel alloy. It should be pointed out that the resistance to bending of the 17-7 PH stainless steel in condition "CH900" would be higher than that of the 18-8 stainless steel or the 17-7 PH stainless steel in condition 49 .T he Knoop-hardness values for the various wires are listed in Table 3 . The trend in hardness values is in the same order as the tensile properties reported in Tables 1 and 2 In addition to the tensile, bending, and hardness qualities of the wires, the resistance of the wires to breakage by repeated bending is important in the application of these materials in orthodontics. The wires were bent over a surface having a radius of curvature of 2 mm., which would be similar to bending the wire with smooth-nosed orthodontic pliers. The number of alternate 90-degree bends before breakage is reported in Table 4 for the various types and sizes of wires. In general, the higher the mechanical properties, the fewer the number of 90 de- This test did not distinguish between the 18-8 and 17-7 PH stainless steels; nor did it show a difference in the 17-7 PH wire in condition "C" or "CH900." The cold-bend test did illustrate the difference in resistance to breakage by repeated bending or the four conditions of the cobalt-chromium-nickel alloy, the number of bends being twenty-six for the material in the soft condition and decreasing to eight for the spring-temper con- dition. The resistance to breakage by coldbending of the spring-temper condition was comparable to the values obtained for the stainless-steel wires of the same diameter. It is apparent that the 17-7 PH stainless steel in the precipitation-hardened condition may have use in orthodontics, as well as using the materials in condition "C, which would involve bending the wire in the cold-worked condition followed by a precipitation-hardening treatment at 9000 F.
Discussion
The selection of 0.014-and 0.022-inch diameter wires was made on the basis that they are representative of the extremes in size which are likely to be used for round arch wires. The selection of 10 minutes for the resistance heat treatment was made because longer times were not considered clinically feasible, although considerable improvement is possible in the physical properties of 17-7 PH stainless-steel wire when heat-treated for one hour at 9000 F.
Since it was found that the modulus of elasticity did not vary significantly, the calculation of the resilience, Resilience (Proportional limit2) 2 MIodulus is primarily a function of the proportional limit. If the yield strength is taken as an indication of the proportional limit, it can be seen that resilience of the 17-7 PH wire is superior to either the 18-8 or the cobaltchromium-nickel wire. This means more energy can be stored in the 17-7 PH wire up to the proportional limit and therefore can apply more force to a tooth being moved. Since more force may not be required, alternatively a smaller wire may be used to apply the same force as with a larger wire of 18-8 stainless steel. Also, the 17-7 PH wires will be more resistant to the plastic deformation by the application of stresses in the mouth, for example, as a result of chewing.
The resistance of 18-8 stainless steel to breakage by bending is greater than for 17-7 PH as expected from the tensile and bending tests. It should be noted that a further improvement in the resistance of 18-8 to breakage by cold-bending results if the wires are stress-relieved for 3 minutes at 9000 F., with the values for 0.022-inch diameter wires increasing to 21 bends of 90 degrees before breakage. The 17-7 PH wires in condition "C,'" however, had superior resistance to permanent deformation during bending and tension.
It should also be noted that the stressrelieving of 18-8 wires for 3 minutes at 9000 F. resulted in an increase in the yield strength-values of approximately 20,000 psi and in the tensile strength of about 10,000 psi. The practice of heating arch wires under these conditions is justified to some degree, with the realization that inadvertently heating to 1,3000 F. will result in substantial reduction in mechanical properties of either type of stainless-steel wire.
Summary
The tensile and bending qualities, microhardness, and resistance to breakage by bending were determined for 17-7 PH stainless steel in various conditions, and the values were compared with those obtained with 18-8 stainless steel and a cobalt-chromiumnickel alloy.
The properties of the 17-7 PH stainless steel in the cold-worked martensitic condition were comparable to those of the 18-8 stainless steel and the spring-temper condition of the cobalt-chromium-nickel alloy, although the yield strength in tension of the 17-7 PH stainless steel was superior to any of the materials examined.
After a precipitation-hardening treatment of 1 hour at 9000 F. the strength properties of the 17-7 PH stainless steel increased markedly and were superior to the other materials. The increase in strength was accompanied by a decrease in ductility, but this decrease was not sufficiently significant to be reflected in the resistance to breakage by bending. Shorter times than 1 hour of heating at 9000 F. resulted in less improvement in strength qualities, while heating at 1,3000 F. resulted in overaging and a decrease in properties.
Conclusions
The recent development of precipitationhardenable martensitic stainless steels appears to have applications in dentistry, where the material may be formed in the work-hardened martensitic condition followed by heat treatment to increase the
